A nested polymerase chain reaction (PCR) assay was developed to detect both ratand human-derived Pneumocystis carinii DNA. The nested PCR product was 125 bp long and was representative of part of the gene coding for the large subunit of mitochondrial ribosomal RNA. Twenty serial blood samples and 24 tissues from six immunosuppressed SpragueDawley rats were examined by nested PCR. All lung samples were positive by PCR and Toluidine blue 0 staining. Buffy coat samples and all the other tissues were PCR-negative during up to 6 weeks of immunosuppression. Thirty-five clinical bronchoalveolar lavage, induced sputum or tracheal aspirate samples from human patients were tested. Twelve of 35 were positive by both PCR and indirect fluorescence assay (IFA) and 19 of 35 were both PCRand IFA-negative. Four of 35 were IFA-negative but PCR-positive and there were good responses in these patients to specific therapy, indicating that PCR may be more useful than IFA in clinical samples. P. carinii DNA was not detected in three blood samples. The nested PCR is a sensitive and specific DNA amplification method suitable for the routine diagnosis of P. carinii in human respiratory samples.
Introduction
Respiratory samples have been the mainstay of the laboratory diagnosis of Pneumocystis carinii infection. The organism is routinely detected by various direct staining methods.' Selective staining methods, such as Grocott methenamine silver, Toluidine blue 0, cresyl echt violet and Gram-Weigert are widely used. They specifically stain the cystic stage of P. carinii which, under ideal conditions, is easily identifiable. Other stains, such as Giemsa, Wright or Diff-Quik are rapid and easy to perform but are not selective, thus making accurate identification difficult. Immunofluorescence assays have been developed with polyclonal and monoclonal antibodies to both trophozoite and cystic stages. These methods are the most successful, but false negative results can still be a problem. ' The development of DNA amplification techniques has given rise to the extremely sensitive polymerase chain reaction (PCR) assay. The assay protocol can be varied and has been applied to detect specific P. carinii DNA.2-5 Single-step PCR and Southern blot hybridisation have been used successfully to detect P. carinii in clinical bronchoalveolar lavage (BAL) and induced sputum (IS) but there is limited information about the use of a nested PCR. 5 The nested PCR assay is potentially useful as a diagnostic assay as it has a relatively short assay time compared to Southern blot hybridisation; also, it is technically easier to perform and does not involve the use of radiolabelled or expensive enzyme or chemiluminescent immunoassay probes. Three primers described by Wakefield et aL6 and previously used with a single-step PCR and Southern blot hybridisation assay were used in this study. These primers are part of the gene coding for the large subunit of the mitochondrial ribosomal RNA, they are highly specific for P. carinii DNA and do not amplify DNA from other potential pulmonary pathogens.6 The rat model was used to develop the assay, as disease progression is similar to that for human infection. It was hoped to develop a sensitive PCR technique to improve our understanding of infection in the rat and to determine the usefulness of the technique for human samples. 
Materials and methods

Sample preparation
P. carinii infection was induced in 6-week-old Sprague-Dawley rats by immunosuppression with hydrocortisone i.m. (2 x 0.5 ml, 25 mg/ml, Boots Pharmaceuticals) twice weekly.' Animals were treated throughout with tetracycline and penicillin orally. Tail bleeds were taken into lithium-heparin-coated capillary tubes (5-40 pl) at specific time intervals after immunosuppression. Haemoglobin was removed by hypotonic lysis and the leucocyte pellet washed twice in sterile distilled water (SDW). Rats were killed with pentobarbitone i.p. (Veterinary Drug Co. plc, York) 1.5 ml at 6 weeks post-infection. Blood, lung, liver, kidney and spleen were collected. The level of P. carinii infection in the lung was assessed by examining stained lung imprints. Buffy coats were separated on Histopaque 1077 (Sigma) with centrifugation at 400 g for 30 min at room temperature, washed once in sterile phosphate-buffered saline (PBS) pH 7.3, and washed once in SDW. Tissues were stored in formol 10% saline. DNA was extracted in lysis buffer (50 mM TrisHCl, pH 8.5,l mM EDTA, Tween 20 0-5 YO) containing proteinase K (Sigma : final concentration 200 pglml) at 55°C with shaking for 2.5 h. The product was boiled for 10 min then stored at -20°C before testing.
Twenty-three bronchoalveolar lavage (BAL), seven induced sputum (IS) and five tracheal aspirate (TA) samples from 19 patients with suspected clinical PCP were tested by an immunofluorescence assay (Shield Diagnostics) and PCR. For the PCR assay, the BAL, IS and TA samples were washed once in SDW then extracted with proteinase K. Lithium-heparin blood samples were taken from two patients with laboratory and clinically diagnosed PCP and the buffy coats were prepared as for rat samples.
To produce a positive DNA control, P. carinii trophozoites were purified from infected rat lungs with a discontinuous Percoll gradient.' Lungs were finely minced, washed four times in sterile PBS, and assessed for the numbers of cysts and trophozoites seen on staining. Parasite-rich washings were digested with collagenase 1.5 mg/ml in PBS-1 mM EDTA at 37°C then centrifuged on a discontinuous Percoll gradient (36 YO, 16 YO, 8 YO Percoll in PBS-1 mM EDTA) at 3000 rpm for 15 min. Trophozoite-rich fractions were chosen in preference to cyst-rich fractions because they were less contaminated with host cells. They were bulked, washed three times in sterile PBS and extracted by proteinase K, followed by phenol : chloroform extraction (twice) and precipitated with ethanol. The DNA content of the sample was measured spectrophotometrically at 260 nm.
Various organisms (Staphylococcus aureus, Aspergillus nidulans, A . uersicolor, A . restrictus, Candida albicans, C. tropicalis, Klebsiella pneumoniae,
Toxoplasma gondii and adenovirus) were tested to assess the specificity of the YCR. They were washed twice in PBS and extracted with proteinase K at known concentrations. The samples were tested by PCR at two final concentrations-lo4 and lo3 organisms / sample.
Polymerase chain reaction
PCR was performed in two stages : a primary PCR followed by a nested PCR each in a total volume of 50 pl: 20 pl of sample and 30 p1 of the reagent mix (final concentration 10 mM Tris-HC1, pH 8.5, 50 mM KCl, 2-5 mM MgCl,, 0-2 mM dNTP, each primer 6 ,ug/ml, Taq polymerase 0.7 units/sample). The reaction buffer and Taq polymerase were supplied by Applied Biotechnologies, Cambridge and primers by Severn Biotech, Kidderminster. The dNTP contained equimolar dATP, dGTP, dTTP, dCTP (Pharmacia Biosystems Ltd, Milton Keynes). For the primary PCR, external primers PN 1 -5'-GATGGCTGTTT-CCAAGCCCA-3' and PN2-5'-GTGTACGTTGCA-AAGTACTC-3' (pAZ 102-E and pAZ 102-H respectively, described by Wakefield et aL6) produced a product of 355 bp. The nested PCR primers PN1 and an internal primer PN3-5'-ATAAGGTAGATAGT-CGAAAG-3' (equivalent to pAZ 102-L26) produced a 125-bp product. Thermal cycling was done in a PHC3 Techne thermal cycling block (Scotlab) at 94°C for 1 min, 53°C for 1 min, 72°C for 1 min for 40 primary or 20 nested cycles with a final extension period of 5min at 72°C. For the nested PCR, the primary Buffy coats and human respiratory samples were tested at three dilutions: neat, 1 in 10 and 1 in 100; animal tissue samples were tested at 1 in 10, 1 in 100 and 1 in 1000 to avoid inhibition of DNA amplification in neat samples. Buffy coat, liver, kidney and spleen samples were also seeded with 100 pg of rat-derived P. carinii DNA and run in parallel with their equivalent unseeded samples. The PCR results of the unseeded tissues were acceptable only if the P. carinii DNA was detected in the seeded samples by PCR.
Precautions appropriate for the prevention of crosscontamination of the PCR assay were strictly adhered to; each stage of the assay was performed in separate rooms within the laboratory, negative controls were run in each assay, pipettes were regularly autoclaved and gloves were changed frequently.
Stat is t ical analysis
The statistical analysis of the results of the PCR and the IFA on the respiratory samples was by the McNemar test.'O 
Results
The primary PCR produced an expected 355-bp product with the rat-derived P. carinii DNA control. After further amplification of the primary product with the internal primer PN3, a nested product of 125 bp, running to almost the same position as the 123-bp marker, was observed by ethidium bromide staining (figure). Amplification of human-derived P. carinii DNA was produced by the same oligonucleotides (figure). Serial dilutions of the ratderived P. carinii DNA were made and run in the PCR to determine its optimal sensitivity. The primary PCR consistently detected 590 pg of P. carinii DNA; the nested PCR was up to 100 times more sensitive, detecting 5-9 pg of P. carinii DNA. One P. carinii organism is considered to have a total of lOfg of DNA,"' l2 thus the nested PCR detected the equivalent of 590 organisms. Proteinase K-extracted samples of various organisms were run in the PCR to assess its specificity (figure). No bands were observed in the target area for the nested run with extracts of the following organisms : S. aureus, A . nidulans, A . versicolor, A . restrictus, C. albicans, C. tropicalis, K. pneumoniae, adenovirus and T. gondii.
Twenty serial rat blood samples were available for testing by PCR, obtained by tail bleeds taken between 14 and 42 days of immunosuppression (table I) . Rat 386 died on day 25 of immunosuppression, thus further bleeds were not possible. All of the 20 samples tested were negative by PCR. The seeded rat blood samples were positive by PCR. All of the lungs tested gave strong positive bands after amplification (table I). Each of the lungs was also positive by Toluidine blue-0 and Giemsa staining demonstrating the presence of cysts and trophozoites. These were seen as early as 25 days of immunosuppression in the lung. The liver, kidney and spleen were available from five rats for testing. These were negative by PCR at all dilutions. The organs seeded with 100 pg of P. carinii DNA were positive by PCR.
The results of the tests on the 35 clinical BAL, IS and TA samples are summarised in table 11. Strongly amplified bands were detected in 12 samples. The IFA was strongly positive with nine of these samples (> 20 cysts/field) and three samples produced a borderline positive result (1-5 cysts/slide). Four samples from three patients (two BAL, one IS and one TA) were PCR-positive but IFA-negative. Statistical analysis showed that this difference was significant (p < 0.05, McNemar test). The remaining 19 PCR-negative samples were IFA-negative. Buffy coats from two PCP-proven patients (PCR-and IFA-positive) were negative by PCR.
Discussion
The amplification of P. carinii DNA by the primers PNl and PN2 has been used diagnostically in a single-step PCR assay3 or in combination with primer PN3 in the Southern blot hybridisation te~hnique~-~ or nested PCR assay.' We have developed a nested PCR with these primers which amplifies a product of 125 bp.13* l4 The sensitivity of the assay was 5.9 pg of P. carinii DNA or 590 organisms. In other reports, the sensitivity of the PCR protocol assays with the same primers is reported to be one or two o~ganisms.''~' These assays were based on single-step PCR and Southern hybridisation', l5 and nested PCR.' However, the method of preparation of control samples differed. In one instance, the parasites were counted after staining by Giemsa and methenamine silver ;15 in the other, the counting method was not stated.' Thereafter, serial dilutions were made and then run in their respective PCR protocols. There are sources of error whichever method is used to calculate sensitivity. In our experience it is difficult to identify parasites clearly after staining and, therefore, this method is likely to underestimate the number of parasites present and, consequently, overestimate PCR sensitivity. In contrast, our method, based on the DNA content of a purified parasite preparation, will underestimate the sensitivity to the extent that it contains contaminating host cell DNA. Although there is a difference in the sensitivities produced, the nested PCR protocol allows up to a 100-fold increase over the sensitivity of the single-step assay, which is equivalent to the increase produced by Southern blot hybridisation.'? ' Other investigators used primers from the other genes and achieve sensitivities similar to, or poorer, than those reported here."' 12 *16 P. carinii infection was detected in rat lungs from 25 days of immunosuppression as indicated by PCR and histological staining. There was no indication of disseminated infection in any of the other organs tested. Similarly, the results of this study indicate that there is no parasitaemia, and thus dissemination in rat leucocytes, up to and including 6 weeks of immunosuppression. However, very low numbers of parasites in these organs and blood samples may account for the negative PCR results. Also, only a relatively small proportion of organ and small volumes of tail bleed blood (540pl) were tested. Those workers who claimed greater PCR sensitivity did not detect parasitaemia before 6 weeks of immunosuppression. l1 Disseminated infection has been observed later in immunosuppressed rats at 7 weeks of immunosuppression,'land there has been one report of extrapulmonary infection in various organs from 2 weeks post-infection." This paper was later retracted. l8 The authors stated that the previously reported positive results may have been due to contamination of the samples or the radiolabelled probe. P. carinii DNA has been detected in leucocytes of rats by PCR.3 However, the authors did not state at what time interval after immunosuppression the buffy coat samples were PCRpositive, although the lungs were confirmed as having P. carinii infection by histological ~taining.~ Parasitaemia has been detected at 6 weeks of immunosuppression in rats fed a low protein diet.ll Such a diet is known to increase the intensity of the steroidinduced P. carinii infectionlg and thus may produce a parasitaemia earlier. Indeed, when steroid treatment is stopped the parasitaemia in the sera disappears. 20 In the Sprague-Dawley rat model, the early stages of P. carinii infection (up to 6 weeks) appear to be characterised usually by infection predominantly within the lung with little or no spread of the parasite within leucocytes. However, after longer immunosuppression or under more vigorous immunosuppressive regimes, disseminated infection may occur. Thus, detection of a blood parasitaemia may suggest ongoing P. carinii infection as a result of immunosuppression,1g rather than provide an early indication of infection. As the nested PCR was able to detect both rat-and human-derived P. carinii DNA, it was used to test clinical samples. IFA positive BAL and IS samples were confirmed as positive by PCR. Indeed, three samples that were borderline positive by IFA were strongly positive by PCR. Furthermore, four samples from three patients were PCR-positive but IFAnegative. One BAL and the TA sample was from the same patient; the BAL was positive at neat and 1 in 10 dilution and the TA at neat only. This may indicate that a low level infection was detected by the more sensitive PCR technique. The IS was from a patient who was later confirmed to have PCP by IFA on a second sample. The other BAL was the last in a series of four samples from the same patient. The three previous samples were PCR and IFA positive. All these patients responded well to specific antipneumocystis therapy. It has been demonstrated that the single-step PCR with Southern blot hybridisation is between lo4 and lo6 times more sensitive than immunofluorescence with BAL sample^.^ This may be due partly to the inherently greater sensitivity of the PCR but also in part to its ability to detect both trophozoite and cyst forms; the IFA and Toluidine blue-0 staining are specific for cysts alone. Trophozoites are considered to outnumber cysts by 100: 1 in PCP.21 Thus the ability to detect both forms of the parasite may account for our observed increase in sensitivity. The nested PCR would appear to allow detection of PCP both earlier and for a longer period than by IFA, and in respiratory samples obtained by less invasive procedures. No parasites were detected in the leucocytes of two patients with PCP and these results are consistent with those found in the rat model. This quick, sensitive and specific test has potential in dealing with clinical problems. Patients are often seriously ill in intensive-care units; a quick result allows early treatment and reduces the length of stay. These clinical and economic advantages suggest that such tests should be used more widely.
